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[1] Beryllium-10 ice-core records are useful for understanding solar magnetic field
changes over time, and in particular over the 20th century, during which there are a variety
of relevant observations. However, differences between 10Be snow concentration records
from different locations complicate the process of developing a coherent understanding
of changes in cosmogenic isotope production. We use the Goddard Institute for Space
Studies ModelE general circulation model to simulate the production and transport of
beryllium isotopes for this time period. We compare our results with surface air
observations, and with ice-core records from Dye 3, Taylor Dome, and South Pole. We
find that unforced weather-related (internal) variability causes modeled trends in 10Be
snow concentration to vary from the ensemble mean by 50% and greater at all three
ice-core locations. Lower levels of internal variability at Taylor Dome and South Pole
relative to Dye 3 make the simulated 10Be values at these locations better estimates of the
ensemble-mean trend in 10Be snow concentration. In addition, the ensemble mean
concentration trend at Dye 3 was significantly different from the expected modeled trend
based on applied production changes alone. Overall, the results imply that during the 20th
century, 10Be data from multiple cores are likely to be required to make meaningful
inferences about 10Be production changes. The model simulations imply that data from
Antarctica are likely to be more robust.
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1. Introduction

[2] Understanding the effect of changes in the sun’s
activity is an important part of understanding Earth’s
climate variability, particularly if we want to be able to
accurately quantify the effects of anthropogenic climate
change relative to natural variations. Cosmogenic isotopes
can play a key role in this effort, since their production is
linked to variations in solar magnetic activity. These
changes, which affect the degree to which Earth’s atmo-
sphere is shielded from galactic cosmic rays (GCR), are
correlated with changes in total solar irradiance (TSI) [Lean,
1994; Lean et al., 2002], and have strong 11-year cycles
(also known as Schwabe cycles). Increased numbers of
sunspots result in both increased TSI and higher levels of
GCR shielding (and vice versa during sunspot minima). The
physical relationship between this time-varying solar GCR
shielding (usually described by the solar modulation
parameter f [Gleeson and Axford, 1968]) and sunspot

activity is still not completely understood [Mursula et
al., 2003]. However, the magnitude of f is inversely
proportional to the rate of cosmogenic isotope production,
hence the usefulness of these isotopes as proxies for
changes in TSI.
[3] Two isotopes in particular, beryllium-10 and beryllium-7,

are especially useful in this regard. The amplitude of 7Be’s
production changes is somewhat larger than that for 10Be,
and there are also differences between the three-dimensional
structures of their production functions, with the 7Be/10Be
production ratio varying from about 1.2 at sea level to about
2.6 at the top of the atmosphere (for f = 600 MV).
However, the fact that 7Be and 10Be share the same
transport and removal processes makes analysis of the
former a useful adjunct for understanding the latter. After
production in the stratosphere and troposphere, 10Be and
7Be attach to sulfate aerosols and are deposited at the
surface after 1–2 years in the global mean, but with a larger
range depending on altitude. Beryllium-10’s relatively long
half-life (1.5 million years) makes it ideal for study on
decadal to millennial timescales, and ice-core records
provide a rich natural archive for this purpose. While
7Be’s 53-day half-life makes it unsuitable for ice-core study,
it is much easier to measure, and its concentrations in air are
often recorded as part of standard radiation monitoring
programs (Environmental Measurement Laboratory Surface
Air Sampling Program database available at http://www.eml.
doe.gov).
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[4] Technological developments have made it possible to
infer f values, either from neutron monitor data, ionization
chamber data, or various cosmogenic nuclides, over most of
the 20th century [Beer, 2000; McCracken and Heikkila,
2003]. These can be compared with various 10Be ice-core
observations from the same time period. However, 10Be
snow concentrations from different ice cores [Beer et al.,
1990; Raisbeck et al., 1990; Steig et al., 1996; Vonmoos et
al., 2006] often exhibit different features, trends and ampli-
tudes [Bard et al., 1997, 2007; Muscheler et al., 2007a,
2007b]. These discrepancies have led to debate over which
10Be records most accurately reflect changes in f, and by
extension, changes in TSI.
[5] General circulation models, with their ability to con-

trol climate forcings and cosmogenic isotope production,
provide a means for studying these questions. To better
understand the relationship between f and records of 10Be
from different ice cores, we perform ensemble runs to
simulate 20th century climate forced with transient changes
in sea surface temperatures, TSI, 10Be and 7Be production,
and atmospheric composition. We then look at how the
model results compare with recent surface air observations
and 20th century ice-core records, as well as trends in
production and snow concentration at different locations.

2. Model Description and Experimental Design

[6] Our experiments were performed using the strato-
spheric version of the Goddard Institute for Space Studies
(GISS) ModelE general circulation model (GCM) [Schmidt
et al., 2006], which has a horizontal resolution of 4� � 5�
(latitude � longitude), 23 vertical layers, and a model top at
0.002 mb. Having the capability to simulate the full strato-
sphere is important as approximately half of all 10Be is
produced in the stratosphere, and the rate of stratosphere-
troposphere exchange is crucial for simulating the correct
atmospheric residence time. It is also possible for strato-
sphere-troposphere exchange to be influenced to some
extent by solar activity [Heikkilä et al., 2008]. The formu-
lation for the gravity wave drag is slightly changed from
Schmidt et al. [2006] to allow for improved stratospheric
circulation and stratosphere-troposphere exchange (D. Rind,
personal communication, 2008). The age of the model’s
stratospheric air is well simulated in comparison to other
GCMs [Shindell et al., 2006b], although it is somewhat
younger than observed values [Rind et al., 2007].
[7] We assume that the beryllium isotopes attach to

sulfate aerosols immediately after production, and that there
are always sufficient sulfate aerosols available to scavenge
them. Beryllium-bearing aerosols are assumed to be 100%
soluble. Aerosol gravitational settling is included, and in
stratiform and convective clouds, aerosol species are trans-
ported, dissolved, evaporated and scavenged according to
processes for each cloud type [Koch et al., 2006]. All tracers
in the model (including 10Be) are subject to the advection,
mixing and convection processes consistent with the mod-
eled air mass fluxes. The model also allows aerosols to
settle more quickly in the stratosphere, where the mean free
path exceeds the particle radius [Koch and Rind, 1998].
[8] The dry deposition scheme is formulated according to

Wesely et al. [1985] and Hicks et al. [1989] as described by
Balkanski et al. [1993], and uses the resistance-in-series

scheme described by Wesely and Hicks [1977] (derived
from the Harvard GISS chemical transport model [e.g.,
Chin et al., 1996]). This deposition scheme makes use of
the GCM-assumed leaf area indices, surface types, radia-
tion, boundary layer height, Monin-Obhukov length, etc.
[Koch et al., 2006; Wesely, 1989]. The turbulent exchange
coefficients as the model humidity are also used for 10Be in
the boundary conditions near the surface.
[9] To simulate the 20th century, we performed two

ensembles, each with five runs. In the first ensemble, we
used a preindustrial atmospheric composition and forced the
model only with time-varying 20th century sea surface
temperature (SST) and sea ice values. In the second ensem-
ble, we included a comprehensive set of forcings: changing
atmospheric composition, transient volcanic eruptions, pre-
scribed SST and sea ice values, and annually varying solar
irradiance with parameterized ozone response [Shindell et
al., 2006a]. In both ensembles, we allowed 10Be production
to vary annually, based on the reconstructed f values from
Muscheler et al. [2007b] (Figure 1). The f values are based
on 14C data, balloon-borne neutron monitor data, and the
geomagnetic reconstruction from Yang et al. [2000]. For
the cosmogenic isotopes, we used a newer version of the
Masarik and Beer [1999] production scheme (J. Beer,
personal communication, 2007). This updated version more
accurately simulates the latitude-dependent production of
beryllium isotopes by helium nuclei (alpha particles), which
make up about 9% of the GCR particles responsible for
10Be production [Masarik and Beer, 1999; Field et al.,
2006]. The new production scheme results in levels of
production that are about 10% higher than those using the
earlier version. For all simulations, the model was run from
1880 to 2000. We used the first 20 years of each simulation
to allow atmospheric 10Be concentrations to reach a state of
relative equilibrium, and the results shown in this paper are
based on the data from 1900 to 2000.

3. Evaluation With Surface-Air Data

[10] To evaluate how the model simulates beryllium iso-
topes under 20th century circumstances, we compared the
model output with time series measurements of 7Be air
concentration from the Environmental Measurements Labo-
ratory’s Surface Air Sampling Project (SASP). We compare
modeled 7Be with measurements from 16 SASP stations that
have at least 20 years of data. Results for the runs with only
SST forcings (not shown) were very similar to those for the
simulations with the full set of climate forcings (shown in
Figure 2). In an earlier set ofModelE experiments,Koch et al.
[2006] found that low-latitude locations tended to have low
modeled values of 7Be relative to the observations, with
better performance at mid- and high latitudes. Similarly, in
our experiments the low-latitude model values are lower than
the corresponding observed values, however the same is also
usually true for the data at midlatitude and polar locations.
The overall low bias may be caused by the production
function, which, at 0.035 atoms/cm2/s, is low relative to
some estimates (such as 0.0810 atoms/cm2/s [Lal and
Peters, 1967], 0.0578 atoms/cm2/s [O’Brien et al., 1978]
and 0.062 atoms/cm2/s [Usoskin and Kovaltsov, 2008]) but
higher compared to the estimates of Oeschger et al. [1969]
(0.0185 atoms/cm2/s) and Masarik and Reedy [1995]
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(0.0129 atoms/cm2/s). (A more comprehensive discussion
of the different production functions is given by Masarik
and Beer [1999] and Usoskin and Kovaltsov [2008].) If the
mean global 7Be production rate used in our simulations
were too low, then we would also expect production values
for 10Be to be too low; however, as is discussed in the
following section, the opposite (high 10Be relative to the
observations) is in fact the case. It is also possible that there
may be a problem with the nuclear cross sections used in
the production function, or that the model may remove
7Be from surface air too efficiently.
[11] Figure 3 shows the observations as time series, at six

representative locations, compared with model results for
the simulations with the full set of climate forcings. To
better illustrate how the model performs despite the bias
toward low values, the time series plots show variability in
terms of percent change from the long-term mean, with the
seasonal cycle removed. Solar maxima occurred approxi-
mately at 1969, 1980, and 1990, and solar minima occurred
approximately at 1977, 1987, and 1996; therefore we would
expect to see respectively low and high 7Be concentrations
immediately after those years. These solar-cycle–related
concentration changes tend not to be as clearly defined at
low-latitude locations (like Peru) as they generally are at
midlatitude locations (like Canada and New York). This is
expected because of the higher degree of GCR shielding at
low latitudes (and because of the lower levels of shielding,
and therefore greater sensitivity of 7Be production to solar
modulation changes, at mid- and high latitudes). While the
model does a good job of simulating the relative magnitude
of the production-related 7Be concentration changes at
midlatitudes, it is less successful in capturing the more
extreme variability that is evident in the high-latitude
observations. It is also possible that higher levels of ob-
served variability near the poles may be related to increased

7Be production from low-energy solar particles. These
particles can enter the atmosphere more easily at high
latitudes, where magnetic shielding is weaker, and are
associated with the solar flares that often characterize the

Figure 2. Average values for 7Be air concentrations at
SASP locations, except for the Peru, Lima site for clarity
(observed value: 13.34 mBq/standard cubic meter; model
value: 0.98 mBq/standard cubic meter; 1 Becquerel = 1
nuclear decay per second).

Figure 1. 20th century estimated f values (derived from 14C data and neutron monitors) used in the
model to drive beryllium isotope production (data from Muscheler et al. [2007b]).
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Figure 3. 7Be air concentrations at SASP locations: variability in terms of percent change from the
long-term mean, with the seasonal cycle removed. The colored lines show the results for the different
ensemble members, and the black line shows the observations.

D12110 FIELD AND SCHMIDT: MODEL-BASED CONSTRAINTS ON ICE-CORE 10BE

4 of 11

D12110



descending limb of the solar cycle, though it remains
unclear how large an effect these particles could have on
tropospheric 7Be concentrations [Lal and Peters, 1967;
Koch and Mann, 1996]. Overall, however, the model does
a fairly good job of reproducing the variability of 7Be
surface air concentrations, suggesting that the model ade-
quately simulates the transport of 7Be and 10Be, even if the
absolute magnitudes of the airborne isotopes are biased low.

4. Comparison With 10Be Ice-Core Records

[12] In this section, we compare ice-core data from Dye 3
[Beer et al., 1990] and South Pole [Raisbeck et al., 1990],
and firn-core data from Taylor Dome [Steig et al., 1996],
with data from the corresponding model gridboxes. Since
the observations are given in terms of 10Be snow concen-
tration, we calculate the modeled snow concentration values
from the simulated snowfall in water equivalent terms and
10Be deposition output. Table 1 compares observed and
modeled snow concentrations at each of the three locations,
averaged over the years covered by the observations
(1900–1984 for Dye 3, 1922–1994 for Taylor Dome, and
1906–1982 for South Pole). The three data sets collectively
cover nearly all of the 20th century, however their overlap
period is smaller, spanning the 60 years from 1922–1982.
The time resolutions for the three time series also vary:
observations at Dye 3 are given on an annual basis, while
at Taylor Dome observations are given approximately
every 2–3 years, and at South Pole approximately every
6–10 years.
[13] Unlike the general bias toward low model concen-

trations discussed in the previous section, the modeled 10Be
snow concentrations at Dye 3 and Taylor Dome are both very
close to but slightly higher than the observed values. At South
Pole, however, the simulated concentrations are significantly
higher than the observations. While the tendency toward high
snow concentrations at South Pole was also the case in
earlier work with ModelE [Field et al., 2006], the opposite
is the case with the 7Be surface air concentrations discussed
in the preceding section: 1.52 mBq/SCM in the model vs.
4.21 mBq/SCM in the observations. The fact that the snow
concentrations are high (despite the relatively low surface
air concentrations) is mainly because of insufficient snow
accumulation in the model. At South Pole, the average 20th
century snow accumulation is approximately 1.8 cm/yr,
lower than the observations, which range from approx.
5 cm/yr to approx. 10 cm/yr [Bromwich, 1988; Mosley-
Thompson et al., 1999; Monaghan et al., 2006; van der
Veen et al., 1999] (all accumulation values are in water
equivalent units). Model performance is better at the other
two locations: the average simulated accumulation at Dye 3

is about 60 cm/yr, in good agreement with the 56 cm/yr
estimate based on data from 1979–1981 [Vinther et al.,
2006] and with the 45 cm/yr estimate based on data from
1976–1997 at North Dye 3 nearby [Mosley-Thompson et al.,
2001]. At Taylor Dome, the model average is about 16 cm/yr,
larger than the approx. 1–12 cm/yr estimate based onground
measurements from 1992–1996 [Morse et al., 1999] and
the approx. 7 cm/yr based on firn-core estimates from
1954–1964 [Steig et al., 1998], but more comparable to
the approx. 12–14 cm/yr estimate based on satellite data
[Morse et al., 1999]. Additional discussion of the model
climatology can be found in the work of Field et al. [2006]
and Field et al. [2009].
[14] Here we normalize our results and the observations

by the long-term average value for each location in order to
illustrate the nature of the changes more robustly. Figure 4
shows 10Be snow concentration over time at the three
locations. The plots show the five-run average for the model
runs with the full set of climate forcings, as well as the
minimum and maximum simulated values from the ensem-
ble (results for the simulations with SST forcing only were
very similar and are not shown here). For Dye 3, the
observations and model results are smoothed with a 3-point
binomial filter. For Taylor Dome and South Pole, the mod-
eled data have been averaged over the same time intervals as
those inferred for the observations. In Figure 4 (top), the
blue line shows the f values used in these simulations.
The f values have been normalized in the same way as
the 10Be snow concentrations (by dividing each f value by
the 20th century average value) and inverted to clarify the
similarity between the trend in f and the trend in 10Be
concentration. It is important to note that these f are not
equivalent to expected 10Be snow concentration values and
are only meant to be indicative of the general forcing.
[15] Figure 4 (top) also shows the years of observed solar

minima and maxima, according to international sunspot
counts: each plus and minus symbol marks the year after
the observed sunspot maxima and minima (respectively), in
order to account for 10Be’s approximate 1-year atmospheric
residence time. The minima and maxima indicated here do
not necessarily occur simultaneously with the years of
minimum and maximum f values, however they provide
a qualitative indication of when those production changes
occurred. Table 2 also shows the minimum and maximum
values for both the model data and the observations at each
core site.
[16] The five-run averages can be considered an estimate

of the expected climatological depiction of changes in 10Be
snow concentration, while the observations are most analo-
gous to the results of a single model run. We would therefore
hope that the observations fall within the envelope of the
minimum and maximum simulated values. Despite some
small excursions, this is largely the case for Dye 3. The
11-year solar signal is also visible for most of the record
(though somewhat less so from about 1930–1950) and the
associated peaks and troughs in the simulated 10Be gener-
ally correspond well with those in the observations. There is
also a similar agreement between the applied f values and
the observed and modeled 10Be snow concentrations.
[17] In the plot for Taylor Dome, the model’s aforemen-

tioned tendency toward lower levels of high-latitude vari-
ability is more apparent, with the observations extending

Table 1. Average 10Be Snow Concentrations ±1 Standard

Deviationa

Data Dye 3 Taylor Dome South Pole

Observations 0.79 ± 0.15 1.77 ± 0.48 3.36 ± 0.42
All forcings 1.25 ± 0.19 2.55 ± 0.34 11.34 ± 1.36
SST forcing only 1.19 ± 0.18 2.51 ± 0.33 11.24 ± 1.57

aModeled values are ensemble averages. Units are 104 atoms/g water.
Note: the estimates of the standard deviations are relative to the different
time resolutions for the three data sets; the standard deviations for the
modeled data also take these resolution differences into account.
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both above and below the envelope of the maximum/
minimum values at several points in the record. This smaller
range of simulated variability can also be seen in the
differences in amplitude between the model and observa-
tions for sunspot minima (for instance, the minimum around
1977) and maxima (around 1980). Another characteristic of

the Taylor Dome record is that the model’s production-
related peaks and troughs sometimes lag slightly behind the
observations, such as around 1934 and 1971, however we
note that some uncertainty in the timescales cannot be
excluded. This lag may also be partially caused by the local
increase in production because of low-energy solar particles
during the descending limb of the solar cycle [Koch and
Mann, 1996].
[18] The data for South Pole are characterized by a

somewhat different set of features than those at Dye 3 and
Taylor Dome, due perhaps to the lower number of obser-
vations. As a result, the 11-year solar cycle is obscured at
South Pole compared with the data at the other two
locations. The downward trend in the simulated South Pole
10Be is stronger than in the observed values, however for
the most part the observations fall within the maximum/
minimum envelope of the model results. The main exception
to this is the large peak in the observations corresponding to
the solar minimum around 1977. This feature is also quite
pronounced in the Taylor Dome observations but less so at
Dye 3, suggesting that anomalous regional weather con-
ditions (for instance, low snowfall over Antarctica, but
average conditions over Greenland) might have played a
role at this and other points in the ice-core record.
[19] As mentioned earlier, we have focused our discus-

sion on 10Be snow concentration since these are the values
directly measured from the ice cores. While it is also
possible to discuss 10Be changes in terms of total deposi-
tion, this approach is not necessarily advantageous since it
requires making estimates of the accumulations rates in the
different ice cores and introduces added uncertainties.
Furthermore, even if the accumulation rates could be
estimated accurately, that would not ensure that the resulting
10Be deposition rate data provide a better indication of
solar-related production changes, since 10Be deposition, like
snow concentrations, can also be influenced by climate-
related factors [Field et al., 2006; Alley et al., 1995]. With
that in mind, we show modeled ensemble-mean snow
accumulation, 10Be deposition and snow concentration
values in Figures 5, 6, and 7, to provide a qualitative idea
of how accumulation and 10Be deposition impact the
simulated snow concentration values. Figure 5 shows
downward trends in 10Be deposition that are very similar
over time at all three locations, in keeping with the applied
f forcing shown in Figure 1. The alternating high and low
values in the deposition data also correspond respectively
with the low and high f values associated with the 11-year
sunspot cycle.
[20] However, trends in snow accumulation rates vary

from site to site (Figure 6). At Dye 3, the downward trend in
10Be snow concentration is largely caused by the downward
trend in 10Be deposition, despite variable accumulation

Figure 4. Observed 10Be snow concentrations (black line)
and the five-run modeled ensemble average concentrations
(red line). The dotted orange lines show the minimum and
maximum values over time for each ensemble. The blue line
in the top shows inverse f values, normalized by the 20th
century average value (note that this is not scaled to suggest
an ‘‘expected’’ concentration value). The pink plus andminus
symbols in the top denote the years of solar maxima and
minima respectively, based on international sunspot counts.
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rates. Accumulation plays a more significant role at Taylor
Dome, where 10Be snow concentration values more closely
resemble the accumulation rate time series. At South Pole,
Mosley-Thompson et al. [1999] observed increases in snow
accumulation from between 1965 and 1999. In the modeled
South Pole data, there is a century-long upward trend in
accumulation (approximately a 20% increase between 1900
and 2000), and also a downward trend in 10Be deposition,
both of which contribute to the negative trend in 10Be snow
concentration at that location. At Dye 3 and Taylor Dome,
the minimum and maximum accumulation values for the
different ensemble members range between 50% smaller
or larger than the ensemble mean value; at South Pole, the
variability is somewhat smaller, ranging from approximately
±30% of the ensemble mean value.
[21] Figure 7 shows what the modeled 10Be snow con-

centration would look like at the three sites if 10Be depo-
sition were constant. (If snow accumulation rates were
constant, we would obtain the snow concentration values
by dividing the total deposition values by a constant
number, and therefore the curve for the modeled 10Be snow
concentration would be the same as that in Figure 5).
[22] Figures 5, 6, and 7 demonstrate that while modeled

10Be deposition provides a robust representation of the

production signal in these experiments, this production
signal can be obscured by local snow accumulation
changes, which can impact 10Be snow concentrations to a
considerable extent. In providing an opportunity to study
plausible representations of the 20th century 10Be record,
our simulations show that snow accumulation values need
to be taken into account when one is trying to infer 10Be
production changes from ice-core data, and as noted earlier,
determining snow accumulation rates is rarely a straightfor-
ward matter.
[23] In order to examine the coherence of the different

10Be records over different timescales, for each ensemble
member we correlated the 10Be snow concentration time
series between locations; we then smoothed the records with
a 3-point binomial filter and correlated them a second time;
then we repeated the process and correlated them a third
time. Taylor Dome and South Pole were the only pair of
locations for which all ensemble members were significant-
ly correlated without smoothing, implying that relative
proximity between ice cores leads to better correlation.
For Dye 3/Taylor Dome and Dye3/South Pole, the high
correlation values for some ensemble members do increase
when successive filters are applied. However, for these
multidecadal timescales, we do not see a notable increase
in the significance of the correlation for the lower values as
a result of smoothing (or successive smoothing). We take
this to indicate that smoothing does not necessarily lead to a
considerable improvement in the correlation of snow con-
centration records from different locations, at least over the
course of the 20th century.

5. Trends in 10Be Snow Concentration

[24] Figure 8 shows the percent change in 10Be snow
concentration per decade at the ice-core locations with

Figure 5. Total modeled 10Be deposition, normalized by the 20th century average value at each
location.

Table 2. Normalized Minimum and Maximum 10Be Snow

Concentrations Over the 20th Centurya

Location
Observed
Minimum

Observed
Maximum

Modeled
Minimum

Modeled
Maximum

Dye 3 0.54 1.50 0.49 4.99
Taylor Dome 0.47 1.67 0.68 1.44
South Pole 0.87 1.25 0.75 1.38

aModeled values show the minimum and maximum values for the
ensemble with the full set of forcings.
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Figure 6. Modeled snow accumulation at the three core
sites, normalized by the 20th century average value at each
location.

Figure 7. Modeled 10Be snow concentration at the three
core sites (for the hypothetical case of constant 10Be
deposition) normalized by the 20th century average value at
each location.
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respect to the 20th century average values. Since the results
for both the ensemble with SST forcing only and the
ensemble with the complete set of forcings are so similar
to each other, we combine all ten ensemble members to
calculate the average modeled 20th century trends shown in
Table 3. The green circles in Figure 8 also show the
expected percent change in 10Be deposition at each location
based on the years covered by the observations. We calcu-
lated these expected deposition changes from the trends in
10Be production, which were forced by the f values shown
in Figure 1. Previous work has shown that because of the
increased levels of 10Be production at high latitudes, when
f is reduced, global average production increases; however,
a greater increase in 10Be deposition takes place at latitudes
higher than 60� [Field et al., 2006]. This additional increase
in high-latitude deposition is 20% above the global mean
increase. Thus we calculated the trend in 20th century
global average 10Be production and increased that value
by 20% to get the expected high-latitude deposition
changes, shown by the green circles. The expected deposi-
tion changes at all locations agree with each other statisti-
cally, and all three fall within the uncertainties of the
observed concentration trends. The expected deposition
trends are slightly different because of the differences in
time period relevant for each core.

[25] With the exception of two ensemble members at Dye
3, the modeled trends for all runs as well as the average
trends at each location are negative, consistent with the
changes in f over the course of the century. However the
fact that the observed trend at Taylor Dome is positive
(though small) indicates the possibility that climate or
weather variability can substantially alter the production
signal, and that two records from the same ice sheet can
have substantially different trends. (Although given the very
large error bars on the trends at Taylor Dome and South
Pole, the observed trends at all three locations agree with
each other within two standard deviations.)

Figure 8. Trends in the 20th century 10Be snow concentration and production. Black squares show the
trend in the observed 10Be concentrations (data from Beer et al. [1990] for Dye 3, Steig et al. [1996] for
Taylor Dome, and Raisbeck et al. [1990] for South Pole). The colored triangles (ensemble members with
all forcings) and stars (ensemble members with SST forcing only) show the trends in modeled 10Be
concentration. The green circles show the expected percent change in total 10Be deposition at each
location based on the changes in 10Be production (f) and the expected polar enhancement. All confidence
intervals cover two standard deviations.

Table 3. Average Modeled Trends in 10Be Snow Concentrations

±1 Standard Deviationa

Data
Years

Dye 3
1900–1984

Taylor Dome
1922–1994

South Pole
1906–1982

Observations �4.87 ± 1.33 4.04 ± 7.58 �2.82 ± 11.61
Model �0.82 ± 1.42 �3.56 ± 1.42 �4.55 ± 1.03
Expected change
from production alone

�3.87 ± 0.91 �3.40 ± 0.75 �3.97 ± 1.12

aModeled values are averaged over both the runs with all forcing and the
runs with SST forcing only. Units are in percent change per decade with
respect to the 20th century average value.
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[26] The modeled trends at the two Antarctic locations
closely resemble each other both in terms of range and
magnitude. Half of the trend values at Taylor Dome and all
of the values at South Pole are in statistical agreement with
their respective observed trends (again, however, the size-
able error bars at these two locations diminishes to some
degree the robustness of this agreement). We also looked at
the correlation between locations for all ten of the simulated
trend values. Although trends at Taylor Dome and South
Pole were somewhat more highly correlated with each other
than with Dye 3, none of the trends at each site were
significantly correlated, implying that much of the variance
seen in the model results in Figure 8 is simply caused by
internal unforced variability. These characteristics collec-
tively illustrate that century-scale trends in modeled 10Be
snow concentration can be systematically different at dif-
ferent locations.
[27] For the more highly sampled Dye 3 record, none of

the simulated concentration trend values fall within the error
bars for the observations, and all are less negative than the
observed trend. Also, the range of the simulated trends at
this location is much greater than at Taylor Dome or South
Pole. The size of the range of the trends for the modeled
Dye 3 data and for the Antarctic locations suggest that, in
the model, the impact of internal variability is larger at Dye
3. Although internal variability plays a smaller role at
Taylor Dome and South Pole, the concentration trends for
the individual ensemble members at those locations can
vary by up to approximately 50% from the mean value.
[28] At least some if not most of the modeled trend values

agree with the expected deposition trends at each location;
however, at Dye 3, the average concentration trend is
notably more positive than the expected production trend.
Since climate change and production change are the only
two factors affecting 10Be snow concentration in these
experiments (once weather is averaged out), we can infer
that the difference between the mean modeled concentration
trends and the expected production-related trend is caused
by climate change. Figure 8 therefore shows that modeled
climate effects at Dye 3 minimize the anticipated production
change signal. As for Taylor Dome and South Pole, the
greater overlap between the closely clustered trend values at
these locations and their respective predicted deposition
changes implies that modeled 10Be snow concentrations at
these locations are perhaps better proxies for changes in f.

6. Conclusions

[29] We have shown that on interannual and decadal
timescales, the relative variability of beryllium isotopes
simulated with the GISS ModelE GCM agrees well with
changes in observed surface air concentrations, despite the
low bias of the modeled 7Be in surface air with respect to
the observations.
[30] In comparison with the 10Be ice-core records, the

model’s internal variability is comparable to the inferred
internal variability implied in the ice-core observations. It is
somewhat more difficult to evaluate how well the model
performs at South Pole because of the large sampling
interval in the data and the poorly simulated accumulation
rates. Improved time resolution in the 10Be record at this
location would be especially helpful in making further

analysis. Model results suggest that during the 20th century
geographical closeness seems to have a greater impact on
correlation than does the use of smoothing functions, or
successive smoothing.
[31] At Taylor Dome, the observations show that it is

possible to get local trends in 20th century 10Be concentra-
tion that are different from the trends suggested by changes
in production based on the relatively well-constrained
inferred f values.
[32] The low levels of correlation between the modeled

concentration trends at different locations suggest that
internal unforced variability is the main cause for the
differences in snow concentration trends from location to
location. While internal variability affects all three loca-
tions, the relatively narrow range of modeled concentration
trends at Taylor Dome and South Pole, and the good
agreement between their concentration trends and the
corresponding f changes, suggest that, in the model at
least, Antarctic locations are more accurate proxies for
changes in cosmogenic isotope production on multidecadal
timescales during the 20th century. The relatively broad
range of simulated concentration trends at Dye 3 shows that
climate changes at this site make it possible to get modeled
trends in 20th century 10Be snow concentration that are
notably smaller in magnitude than what one would expect
based on the applied changes in f. However the fact that the
observed concentration trend at Dye 3 is actually more
negative than the production trend suggests that there are
shortcomings in the way the model simulates 10Be over
southern Greenland, and perhaps over broader areas of the
Greenland ice sheet as well. Since the 20th century climate
forcings used here are relatively well constrained, it is more
likely that the problem lies with the model itself. Future
work with higher spatial resolution and improved model
physics will allow us to further investigate these issues.
[33] Note: The simulated cosmogenic isotope data used in

this article can be downloaded from www.giss.nasa.gov.
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